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Abs t rac t  

Un l i ke  t h e  a i r p l a n e  which as a general r u l e ,  
f l y s  h igh  and f a s t ;  t h e  h e l i c o p t e r  f i n d s  much o f  
i t s  reason- fo r -be ing  w h i l e  f l y i n g  low and slow. 
For t h i s  reason, t h e  e f f e c t  o f  ground p r o x i m i t y  
on t h e  h e l i c o p t e r  i s  n o t  o n l y  impor tan t  du r ing  
te rm ina l  opera t ions ,  bu t  i n  many o t h e r  f l i g h t  
regimes as w e l l .  
r educ t i on  i n  power due t o  ground e f f e c t  i n  bo th  
hover and fo rward  f l i g h t  and some o f  t h e  second- 
ary e f f e c t s  which have been i d e n t i f i e d  i n  each 
f l i g h t  regime. 

The paper discusses t h e  

Hover 

Power Reduction 

A h e l i c o p t e r  hover ing  c lose  t o  t h e  ground 
requ i res  cons iderab ly  l e s s  power than when i t  i s  
hove r ing  h igh  above .it. Th is  bene f i c ia l  ground 
e f f e c t  can be used t o  p rov ide  s i g n i f i c a n t  
ope ra t i ona l  advantages when t h e  a i r c r a f t  i s  
loaded t o  t h e  p o i n t  where the  power a v a i l a b l e  
f o r  hover ing  i s  marginal .  The source o f  t h i s  
b e n e f i t  may be v i s u a l i z e d  by p i c t u r i n g  an image 
h e l i c o p t e r  f l y i n g  ups ide  down a t  t h e  same 
d is tance below the  ground as t h e  ac tua l  r o t o r  i s  
above i t  so t h a t  t h e r e  i s  no v e l o c i t y  across the  
ground boundary as shown i n  F igure  1. 
image wake i s  considered t o  be formed o f  a s e r i e s  
o f  s p i r a l  vo r tex  f i laments  generated a t  t h e  b lade 
t i p s  and c a r r i e d  up by t h e  wake o f  the  image 
r o t o r .  Th is  concept was f i r s t  used i n  t h e  1930's 
a t  Georgia Tech by Kn igh t  & Hefner l  t o  c a l c u l a t e  
the  upward v e l o c i t y  a t  t h e  ac tua l  r o t o r  
" induced" by t h e  vo r tex  f i e l d  o f  t h e  image r o t o r .  
Superimposing t h i s  upward v e l o c i t y  on t h e  down- 
ward v e l o c i t y  f i e l d  c a l c u l a t e d  f o r  a r o t o r  ou t -  
of-ground e f fec t  produces the  in-ground e f f e c t  
d i s t r i b u t i o n .  (That t h e  presence o f  the  ground 
can i n f l u e n c e  the  f low cond i t i ons  a t  t h e  r o t o r  
can be demonstrated a t  the  b reak fas t  t a b l e .  The 
c h a r a c t e r i s t i c s  o f  t h e  stream o f  syrup l e a v i n g  
t h e  l i p  of  t h e  p i t c h e r  w i l l  depend upon the  
p r o x i m i t y  o f  t h e  pancake as shown i n  F igu re  2.) 
The l o c a l  e f f e c t  o f  the  ground induced v e l o c i t y  
a t  t h e  blade element i s  shown i n  F igu re  3. I t  
may be seen t h a t  when the  r o t o r  i s  ope ra t i ng  
i n  ground e f fec t ,  t h e  l o c a l  v e l o c i t y  approaching 
t h e  blade element has l e s s  downward slope than 
when opera t i ng  ou t  o f  ground e f f e c t .  
power r e q u i r e d  t o  hover i s  due t o  the  rearward 
t i l t  o f  the  l i f t  v e c t o r  which i s  perpend icu la r  
t o  t h e  l o c a l  v e l o c i t y  vec tor .  The smal le r  t h e  
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slope, the  smal le r  i s  t h e  rearward t i l t  o r  
" induced drag." The " p r o f i l e  drag" due t o  s k i n  
f r i c t i o n  accounts f o r  approximately a t h i r d  o f  
t h e  power and i s  r e l a t i v e l y  una f fec ted  by ground 
p r o x i m i t y .  The key t o  t h e  ground e f f e c t  c a l c u l -  
a t i o n  is how much the  induced v e l o c i t y  a t  the  
r o t o r  d i s c  i s  reduced compared t o  what i t  would 
be o u t  of  ground e f fec t .  

Testing 

Knight and Hefner were n o t  s a t i s f i e d  t o  
leave t h e i r  s tudy  i n  a n a l y t i c a l  form; they  a l s o  
t e s t e d  several  r o t o r  models us ing  a ground 
plane i n  t h e  Georgia Tech wind tunne l .  
these i s  shown i n  F igu re  4. S i m i l a r  model t e s t s  
were a lso  done by BeT l inger  i n  t h e  1970's a t  t h e  
Un i ted  A i r c r a f t  Corpora t ion  Research Laborator-  
ies.? The r e s u l t s  o f  these model t e s t s  are 
u s u a l l y  presented as t h e  r a t i o  o f  t h e  t h r u s t  
t h a t  can be generated i n  ground e f f e c t  t o  t h e  
t h r u s t  ou t  of  ground e f f e c t  a t  cons tan t  power 
p l o t t e d  agains t h e  r a t i o  o f  r o t o r  he igh t  above 
t h e  ground t o  r o t o r  diameter as shown i n  F igu re  5. 

Besides t e s t s  o f  models, i t  i s  poss ib le  t o  
measure ground e f f e c t  i n  hover du r ing  f l i g h t  
t e s t  o f  an ac tua l  he l i cop te r .  The f i r s t  t e s t s  
of  t h i s  t ype  r e l i e d  on the  p i l o t  t o  ho ld  a 
p rec i se  hover he igh t  wh i l e  read ing  t h e  power from 
h i s  engine ins t ruments .  
t hen  produced another t e s t  p o i n t  and showed t h e  
change i n  power a t  a g iven  t h r u s t .  Repeating t h e  
procedure a t  several  gross weights gave enough 
data t o  c ross  p l o t  and determine the  e f fec t  of 
ground p r o x i m i t y  on t h e  t r u s t  c a p a b i l i t y  a t  
constant power. An improvement i n  t h e  t e s t  
procedure has been the  development of  " t e the red  
hover" as shown i n  Figure 6 were a cab le  between 
t h e  h e l i c o p t e r  and a winch on t h e  ground i s  used 
t o  p r e c i s e l y  f i x  the  he igh t .  The t e n s i o n  i n  t h e  
cable i s  measured w i t h  a l oad  c e l l  so t h a t  
several  values o f  r o t o r  t h r u s t  corresponding t o  
gross weight p l u s  cab le  tens ion  can be q u i c k l y  
ob ta ined a t  each he igh t .  The U.S.  Army  A v i a t i o n  
Engineer ing F l i g h t  A c t i v i t y  (USAAEFA) a t  Edwards 
A i r  Force Base i n  C a l i f o r n i a  has taken t h e  l ead  
i n  t h i s  t ype  o f  data ga ther ing .  

So far ,  a l l  t e s t s  whether o f  models o r  of  
a c t u a l  h e l i c o p t e r s  have been done ove r  s o l i d  
surfaces. Many p i l o t s  r e p o r t  t h a t  if t h e  su r face  
i s  water o r  t a l l  grass,  the  ground e f f e c t  i s  
d iminished. A t  t h i s  t ime, the re  i s  no t e s t  da ta  
w i t h  which t o  e i t h e r  support  o r  r e f u t e  t h i s  
c la im,  bu t  i t  would make a good s tudent  p r o j e c t .  

One o f  

Changing t h e  he igh t  

1 


